A noise suppression method based on f-x deconvolution and the wavelet transform is proposed for eliminating jump edges in the phase noise of distributed acoustic sensing. Experimental results show that the proposed method has good performance in terms of enhancing the quality of seismic waves. It ensures relatively stable phase sensitivity and improves the signal-to-noise ratio, making the characteristics of seismic wave signals more obvious.
Introduction
Distributed fiber optic technologies based on Rayleigh scattering are being deployed in a wide range of applications to manage existing assets and exploit new resources. Such technologies can be used to effectively and relatively inexpensively enhance perimeter security systems and create defensive redundancy [1] - [3] .
Various techniques have been employed to utilize Rayleigh scattering in the design of distributed optical fiber sensors. Optical time-domain reflectometry (OTDR), a distributed fiber optic technology, was firstly demonstrated over three decades ago [4] . Phase-sensitive OTDR ( -OTDR), where a pulse of highly coherent light is injected into a conventional single-mode fiber, has been reported [5] . -OTDR is mainly implemented using coherent heterodyne demodulation [6] - [9] , 3 × 3 demodulation [10] , [11] , or phase-generated carrier (PGC) demodulation [12] . 3 × 3 demodulation scheme needs three high sensitivity photo detectors (PD), orthogonal demodulation scheme always need polarization controllers to control the polarization states between the signal light and reference light. PGC scheme adopts an unbalanced Michelson interferometer (MI) to eliminate the polarization fading, by introducing a PGC signal whose frequency is higher than the detected signal to modulate one arm of MI, the system would have a relative stable phase sensitivity. Various distributed acoustic sensing (DAS) instruments have been developed, including those by Silixa and Optasense. A DAS instrument based on -OTDR and a PGC demodulation algorithm was improved by Xu to acquire seismic wave signals [13] . In engineering applications, various disturbance signals, which can be regarded as noise, are recorded by a DAS instrument, degrading signal quality.
Wavelet analysis is widely used in noise processing because of its multi-scale transformation characteristics and good results. In traditional wavelet analysis, each channel is processed separately to suppress high-frequency noise and effectively extract signal features [14] . In [15] , an information handling system that generates a noise pilot trace by stacking one or more seismic traces was proposed. The noise pilot trace is subtracted from the seismic information received from the DAS data collection system. In addition, there are many other methods to enhance the SNR performance of DAS system. In [16] , an adaptive image restoration algorithm based on 2-D bilateral filtering is proposed to enhance the SNR of the intrusion location for Ф-OTDR system. In [17] , a novel denoising method based on empirical mode decomposition to improve the SNR for vibration sensing in Ф-OTDR systems. These two methods use classical signal processing theory and get good results. In [18] , a novel distributed fiber-optic vibration sensor based on time-gated digital optical frequency domain reflectometry is proposed, which can effectively overcome the interference fading problem in DAS system.
In the present study, a noise suppression method based on f-x deconvolution and the wavelet transform is proposed. f-x deconvolution is a classical method of seismic data processing and has been fully tested in practice. Wavelet analysis is used to treat seismic signals as a two-dimensional (2D) image in terms of time and channel. The signal characteristics of each channel can then be effectively extracted with a relatively stable noise distribution between channels. In conventional seismic noise processing, deconvolution or the wavelet transform are used separately. In this study, these methods are combined to reduce the number of wavelet transform layers and achieve good low-frequency noise suppression. The proposed method ensures relatively stable phase sensitivity over the entire sensing range and eliminates jump edges in phase noise. In addition, it makes the characteristics of seismic wave signals more obvious.
System Setup and Principle of Noise Compression
A schematic diagram of the proposed DAS system based on -OTDR and a PGC demodulation algorithm is shown in Fig. 1 . A narrow linewidth laser is modulated by an acoustic optical modulator (AOM) to generate periodic optical pulses with width of 30 ns and repetition rate of 10 kHz, which are amplified by an erbium-doped fiber amplifier (EDFA). The spontaneous emission noise from the EDFA is filtered out by a fiber Bragg grating (FBG). The filtered optical pulses are injected into the sensing fiber. The light path is controlled by an optical circulator (CIR). Rayleigh-scattered light reflected from various scattering centers of the sensing fiber produces optical power traces through an unbalanced Michelson interferometer (MI). These power traces are detected by an avalanche photo-detector (APD), whose bandwidth is 50 MHz. A data acquisition (DAQ) system is used for real-time sampling over the total length of the sensing fiber. An arbitrary function generator (AFG) is used to generate various types of signal to modulate the AOM and the MI, the modulation signal added to MI is a sinusoidal wave with frequency of 5 kHz, which is used for the subsequent PGC demodulation. The signal recovery procedure, conducted on a field-programmable gate array, includes data rearrangement, PGC demodulation with an arctangent operation executed digitally, and the fast Fourier transform (FFT). The results are shown on a monitor and stored on a computer. In the DAS system mentioned above, the path difference of MI is 6 m with interrogating pulse width of 30 ns, providing a spatial resolution of 6 m. Measurable frequency response range is 5 Hz to 1 kHz, and frequency resolution is 1 Hz.
The signals recovered by the PGC demodulation algorithm contain noise. To improve signal quality, f-x deconvolution and the wavelet transform are used to suppress noise fluctuation. The principles of f-x deconvolution and the wavelet transform are described below. A flowchart of noise compression is given as following:
f-x Deconvolution
The basic principle of f-x deconvolution is based on the assumption that desired signals are continuous and predictable whereas random noise is incoherent and unpredictable. Seismic wave detection using f-x deconvolution has been applied to oil and gas exploration. Seismic waves from a downhole or surface are composed of multiple reflected waves with certain apparent velocities. For a reflected wave with a single apparent velocity, the frequency in the f-x domain can be predicted using the FFT. A predictive filtering operator is calculated for each frequency slice. These operators are applied to the corresponding data series for each spatial direction. This allows the prediction of coherent signals and the suppression of noise. Let the sub-wave of seismic signals be w(t) and its FFT be W(f). Then, the channel space between seismic signals is x, and the n-th channel can be written as:
The FFT of w n (t ) is:
If the spectrum of the first channel is W 1 (f), for a certain frequency f, the spectrum of the n-th channel is:
The Z-transform of the sum of each channel is calculated as:
Equation (4) is a second-order autoregressive model. The spectrum of the (n + 1)-th channel can be predicted as:
The prediction error operator O(f, x) can be calculated using complex Wiener filtering. Let the original record signal be S(f, x) . Then, for a frequency f 0 , the prediction energy error E(f 0 ) is:
The prediction error operator O(f 0 , n) can be calculated based on the principle of minimum error energy. A signal with suppressed noise can be obtained through the convolution between O(f 0 , n) and each channel with frequency f 0 .
f-x deconvolution can effectively compress random noise and enhance the continuity of the coherent signal. The prediction error operator O(f, x) is greatly affected by noise. For channels with a low signal-to-noise ratio (SNR), the signal processed with f-x deconvolution will be distorted, degrading resolution. Therefore, we combine f-x deconvolution with the wavelet transform to ensure that the characteristics of seismic wave signals are obvious. The core function of f-x domain denoising is fx_decon (data, DT, LF, mu, flow, fhigh, n). "data" is the original signal detected by the DAS system. "dt" is sampling interval, whose value is 0.0004 second. "lf" is the length of embedded filter, whose value is 10. "mu" is the allowable error, whose value is 0.001. flow and fhigh are the low-pass cutoff frequency and the high-pass cutoff frequency of the embedded filter, whose values are 5Hz and 1kHz respectively. "n" is repeat times of each fequency slice data, whose value is 3.
Wavelet Transform
The wavelet transform was proposed by Morlet in the 1980s for analyzing geophysical signals. This transform, which allows multi-resolution analysis, has been widely applied to image processing. 2D seismic wave signals in the time-space domain can be regarded as an image that contains the desired signals and noise. For a single channel signal versus with time, the wavelet transform can be used to smooth the signal. The basic procedure includes wavelet decomposition and reconstruction.
The sub-virtual instrument "wavelet denoise" in NI LabVIEW, shown in Fig. 3 , was used in this study for the wavelet transform. In our noise compression method, the wavelet basis is bior4_4, whose type is consistent with seismic waves. In practical, the wavelet basis is generally selected according to the characteristics of signal waveform and the actual application requirements. Through the comparison of the actual wavelet processing, we find that bior4_4 wavelet basis has better application effect in the DAS system mentioned in this paper. So we choose bior4_4 wavelet basis during actual processing. The level of wavelet decomposition and the threshold were analyzed. Based on this analysis, proper values were set.
SNR is generally used to evaluate the effect of noise suppression method based on f-x deconvolution and wavelet transform. There are many methods to calculate SNR, one of which is energy superposition. Assuming that the analysis window is [Xij]MN, with M points and N channels in total, and that the seismic records are isotropic and the noise is random, then:
x i j = s i j + n i j N j=1 n i j = 0 (7) The effective signal Si can be considered as the result of horizontal stack of seismic channels, then the total energy of n-channel signal is:
The expression of SNR is given as following:
Experimental Results and Analysis
A field experiment was carried out to detect surface seismic wave signals. The site is shown in Fig. 4 . A 400-m-long sensing fiber was buried in soil. Explosives were used as the vibration source to generate surface seismic waves, which were detected by the sensing fiber and recovered by the DAS system. The total number of sampling points for each channel was 12500 and the sampling time was 5 seconds. We applied f-x deconvolution to enhance the signal and suppress noise and then applied the wavelet transform to smooth the data, eliminate jump edges, and obtain accurate peaks and valleys. We then analyzed the seismic wave transmission speed based on the time delay of peaks and valleys in different channels. Fig. 5(a) shows the output of the PGC demodulation algorithm as a 2D image for seismic waves. The dark areas in the figure correspond to regions where the seismic wave was located at channels 200 to 600 of the DAS system. In Fig. 5(a) , in addition to the tracks of seismic waves, background noise is present, which affects signal feature extraction. To compress this noise and thus improve seismic wave signal quality, f-x deconvolution and the wavelet transform are applied. The results are shown in Fig. 5(b) . Compared with Fig. 5(a) , the main peak signals of the seismic waves in Fig. 5(b) are much clearer and the background noise is mostly eliminated. These results demonstrate that f-x deconvolution and the wavelet transform effectively compress background noise. With the compression of phase noise, the DAS system has relatively stable phase sensitivity over the entire sensing range. The tracks of direct, refracted, and reflected waves can be clearly seen in Fig. 5(b) . For a detailed comparison between the original demodulated and processed seismic wave signals, the local data of the signal channel and the noise channel are compared in the time and frequency domains.
Figs. 6(a) and 6(b) show the comparison results for signal channel #320 from 0 to 5 seconds with 12500 sampling points and a frequency range of 0 Hz (DC) to 100 Hz. Figs. 6(c) and 6(d) show the comparison results for channel #320 from 1.45 to 1.95 seconds with 12500 sampling points. The signal waveforms of the detected seismic waves are consistent, signal burr are eliminated, and the characteristics are more obvious. The comparison results of noise channel #180 are shown in Figs. 6(e)-(h). The jump edges of noise are eliminated with the same peaks and valleys. After f-x deconvolution and the wavelet transform, the desired signal is retained and the background noise is effectively suppressed. Low-frequency noise is greatly suppressed, as shown in Figs. 6(b), 6(d), 6(f), and 6(h). The noise floor can be effectively reduced to about 10 dB, as shown in Fig. 6(d) . A magnified view of the data in Fig. 6 (a) refined using the data from channel #320 is shown in Fig. 6(c) . The corresponding FFT spectrum is shown in Fig. 6(d) . The signal burr (high-frequency noise) are smoothed. Furthermore, the signal peaks and valleys are effectively aligned, which allows an accurate determination of the time delay between signal channels. This time delay can be used to accurately calculate the transmission speed of seismic waves for obtaining high-precision geological inversion data. A magnified view of the data in Fig. 6 (e) refined using the data from channel #180 is shown in Fig. 6(g) . The corresponding FFT spectrum is shown in Fig. 6(h) . As can be seen, the noise is smoothed.
The comparison results indicate that f-x deconvolution and the wavelet transform effectively compress noise. For both signal and noise channels, jump edges are eliminated without changing the signal characteristics. Furthermore, the SNR is improved because the noise between channels is suppressed. The spectrum information is effectively preserved in the frequency domain. Low-frequency noise is suppressed and the main frequency components are consistent.
Conclusion
In this paper, a noise compression method based on f-x deconvolution and wavelet transform is demonstrated to improve the phase noise performance of DAS system, which is set up based on PGC demodulated Ф-OTDR technology. Theory analysis and filed test data procession are given, it is indicated that the proposed method has good performance in terms of enhancing the quality of seismic waves. It ensures relatively stable phase sensitivity over the entire sensing range and improves the SNR about 10 dB, making the characteristics of seismic wave signals more obvious compared to the original one. Also, the jump edges caused by noise are eliminated with the same peaks and valleys compared to the original signals, which has great significance for calculating the time delay of peaks and valleys between different channels.
